We fabricated 40 Gb/s front-end optical receivers using spot-size converter integrated waveguide photodiodes (SSC-WGPDs). The fabricated SSC-WGPD chips showed a high responsivity of approximately 0.8 A/W and a 3 dB bandwidth of approximately 40 GHz. A selective wetetching method was first adopted to realize the required width and depth of a tapered waveguide. Two types of electrical pre-amplifier chips were used in our study. One has higher gain and the other has a broader bandwidth. The 3 dB bandwidths of the higher gain and broader bandwidth modules were about 32 and 42 GHz, respectively. Clear 40 Gb/s non-return-to-zero (NRZ) eye diagrams showed good system applicability of these modules.
I. Introduction
The world's first ultra-long-haul optical transmission field trial at 40 Gb/s on a 1200 km link was demonstrated between Sacramento and Salt Lake City in June 2004 by MCI, Inc. [1] . Although the upper limit of the single-channel transmission unit capacity of a SONET/SDH (synchronous optical network/synchronous digital hierarchy) system is 10 Gb/s at present, a 40 Gb/s transmission technology is believed to be a strong candidate for next-generation Tbps communication networks. Therefore, it is crucial to secure state-of-the-art 40 Gb/s optical components at low cost. Among these, 40 Gb/s front-end optical receivers consisting of photodiodes (PDs) and electrical pre-amplifiers are essential components for determining the sensitivity of all the receiving parts [2] .
While side-illuminated waveguide PDs (WGPDs) are superior to vertically-illuminated PDs in intrinsic responsivity level for 40 Gb/s applications due to their increased absorption volume [3] - [7] , it is practically difficult to achieve high responsivity due to a large mode-size mismatch between a WGPD (<1 µm) and single-mode optical fiber (about 10 µm). Therefore, there have been studies on optimizing the mode-size of a WGPD and optical coupling [5] - [7] . Among these, a spotsize-converter (SSC) technology was employed in this study to enable high coupling efficiency and to improve the responsivity of WGPDs and thus the sensitivity of receivers.
In this study, we fabricated 40 Gb/s front-end optical receivers using SSC-integrated WGPDs (SSC-WGPDs). A selective wetetching method and its compatible device structures were suggested to realize the laterally tapered SSC waveguides, which helps to improve the reproducibility of the SSC fabrication process. Two types of commercial transimpedance amplifiers (TIAs) from Inphi, Inc., were used as electrical pre-amplifiers [8] , [9] . One amplifier (4331TA) has higher gain and the other (4335TA) has broader bandwidth. The 3 dB bandwidths of higher gain and broader bandwidth modules were measured to be around 32 and 42 GHz, respectively. High speed packaging technologies based on High-Frequency Structure Simulator (HFSS) simulation were developed to secure the high-frequency characteristics of front-end receiver modules. The 40 Gb/s nonreturn-to-zero (NRZ) eye diagrams for these modules showed clear eyes and indicated perfect applicability of these modules to 40 Gb/s communication systems.
II. Fabrication of SSC-WGPD
A schematic diagram and microscopic image of an SSC-WGPD are shown in Fig. 1 . The epi-layers for SSC-WGPD were grown by a metal-organic chemical vapor deposition method. The epitaxial structure used in this study was as follows. The fiber guide section consisted of three 600 nm thick InP layers and three 50 nm thick InGaAsP (λ g = 1.24µm) layers, which were grown in turn on the semi-insulated InP substrate. The mode-diameter of the fiber guide section was designed to be about 3 µm for high coupling efficiency with optical fiber. A N + -doped 500-nm-thick InGaAsP SSC layer was grown on top of the fiber guide section, which was followed by an undoped 500 nm thick InGaAs absorption layer, 400 nm thick P-doped InP clad layer, and 100 nm thick P + -InGaAs contact layer. As the initial process step, the ridgetyped absorption layer was defined via pattern transferring. Both dry and wet etching techniques were then used to realize the pattern, and phosphoric acid was applied to the selective wet etching as an etchant. A tapered shape SSC section was then formed using pattern transferring and a selective wetetching process. This layer plays the major role of changing the mode size as well as the role of an n-type contact layer. After the SSC section was completed, a fiber guide section was formed. Polyimide was used to passivate the exposed surface of the P-N junction in the air, and a curing process was performed at 365 o C for 1 hr, which was followed by Si x N thin film deposition for protecting the polyimide layer from absorbing water vapor in the air. Next, P-type and N-type electrodes were deposited using a Ti/Pt/Au alloy at 400 o C for 30 s, and a Au/Ge/Ni/Au alloy at 380 o C for 30 s, respectively. A ground-signal-ground (GSG) coplanar typed electrode was deposited followed by a sintering process at 380 o C for 30 s. Finally, a TiO 2 /SiO 2 layer was deposited as an anti-reflection coating layer after the cleaving process [4] .
III. BPM Simulation for SSC-WGPD
A three-dimensional beam propagation method (BPM) was used to optimize the SSC-WGPDs. Figure 2 shows the BPM simulation results for SSC-WGPDs, where y and z are directions indicated in Fig. 1(a) . Light from a fiber guide is transferred via a tapered SSC into the absorption region. The parameters that were considered in designing the SSC-WGPD structure are as follows. For high optical coupling efficiency with the optical fiber, the spot size of the waveguide mode on the fiber guide's side was well coincident with the spot size of the optical fiber in a circular shape. The subsequent region served to convert a relatively large spot size adiabatically into a small one without a radiation loss of light. A long (around 500 µm) laterally tapered SSC with the widths of less than 1µm and 3 µm at the start and stop portions, respectively, was selected to maximize the power transferred to the SSC section, minimize the radiation loss occurring during the spot-size-conversion process, and achieve the polarization insensitive operation. The spot-size converted light was absorbed into the absorption layer through an evanescent coupling of the modes.
Based on this BPM simulation, we found that the core process was the formation of a tapered SSC. As shown in Fig. 3 , if the widths of the start portions were extended to 1.0 and 1.2 µm, the absorption quantum efficiencies were lowered to 65 and 40%, respectively, in the case of a device having an absorption layer of 4 µm in width and 30 µm in length. At this time, we assumed that the coupling efficiency of light between the optical fiber and the fiber guide was 100%. However, considering the coupling loss, the practical value would be lower than the calculated value. In addition, we noted that the absorption quantum efficiencies against thickness tolerances were dropped to approximately 85% in the case of ±0.05 µm and approximately 75% in the case of ±0.1 µm. Accordingly, in order to overcome those process difficulties, which might be shared in the published reports [5] - [7] , we suggested a method of exactly controlling the width and thickness of a tapered SSC by means of a selective wet-etching process and its compatible device structures. An advantage of this structure was that a waveguide pattern requiring fine control of below 1 µm, which was difficult to reproducibly attain in conventional lithography, can be easily formed using a pattern having a width in the showed mesa and reverse mesa patterns depending on the stripe directions. We noted that the absorption quantum efficiencies were the function of the center width of the start portions without regard to the cross-sectional profiles. In this study, we selected stripe directions, so we had the mesatype cross-sectional profiles.
IV. Characteristics of SSC-WGPD
For optimizing the coupling efficiency between the SSC-WGPD and single mode fiber, we used an aspherical lens with a superior aberration compensation feature. The simulation results in Fig. 5 are based on the Alps AC type lens and showed a nearly perfect coupling of 94%. With the use of 1.8 mm of L1 length, the maximum responsivity was measured to be approximately 0.8 A/W, which is comparable to the highest values reported for 40 Gb/s WGPDs [5] - [7] . The 1 dB alignment tolerances reached 1.6 and 1.9 µm for vertical and horizontal directions, respectively. In addition, the fabricated SSC-WGPD showed less than 0.2 dB polarization and input light wavelength (from 1530 to 1565 nm) dependences. The discrepancies between simulated and measured coupling efficiencies could include reflection from the surface, scattering losses when propagating, and so on.
A GSG coplanar electrode was employed for on-chip probing. For high-speed measurement over approximately 40 GHz, we employed two methods for accuracy [4] . One method uses an optical heterodyne source of OMS-2010 from Lightwave, Inc., to generate modulated optical input, and the other uses an Anritsu 87300C 65 GHz vector network analyzer and a calibrated transmitter. For a calibrated transmitter, a 40 Gbps electro-optic modulator from EOspace, Inc., was adopted. The small-signal 3dB bandwidth was measured to be above 40 GHz for 100 µm 2 area device and was reduced to around 20 GHz when the photodiode area was increased to 600 µm 2 as shown in Fig. 6 . Figure 7 shows the value of measured 3dB bandwidth as a function of device areas. We fitted 3dB bandwidth data using
where f t is the transit-time-limited bandwidth, and f RC is RCtime-limited bandwidth assuming a 50 Ω load [10] . We found that the 20 fF parasitic capacitance value was wellfitted to our data. The 20 fF parasitic capacitance value present in the SSC-WGPD used in this study has been confirmed again through capacitance measurements as a function of device areas. We fabricated TIA-integrated SSC-WGPD modules as shown in Fig. 8 , which consisted of SSC-WGPD chips, TIA electrical pre-amplifier chips, DC bias circuits for both the PD and TIA, and electrical connections. A module housing was made of Kovar and was designed using HFSS to keep the reflection coefficient S11 below -10 dB at up to 40 GHz, which was verified through S-parameter measurements. A Wiltron Vconnector was used as a microwave output part of the module. The front-end receiver module consisted of two main parts: optical and electrical assemblies. The optical assembly consisted of a single mode fiber, an aspherical lens, and a spacer with the length of 1.8 mm (L1) as shown in Fig. 5 ; it was aligned to the SSC-WGPD chips and fixed to the module housing by a laser welding process. The electrical assembly was composed of a ceramic submount with a GSG coplanar transmission line and DC bias circuits for the SSC-WGPD and TIAs. Two types of commercial TIAs from Inphi, Inc., were adopted in this study. One has higher gain and the other has broader bandwidth [8] . We followed the recommended DC bias circuit designs of the TIAs with a photodiode [9] . Special attention was paid to keep all ground and bias lines below 100 µm in order to avoid any possible parasitic-related resonances. The electrical connection line between the SSC-WGPD anode and TIA input was also kept below approximately 300 µm to satisfy the required external bond wire inductance value of around 300 pH. The 1 mil Au wire with an inductance value of approximately 0.9 nH/mm was used for electrical connections [11] .
A 15 mil thick ceramic submount with a GSG coplanar transmission line was fabricated as shown in Fig. 9 (a) and was shared for both TIAs. An output signal from one side among two TIA output pads were connected to the input bias line (in this case, +3.3 V) by way of a 50 ohm thin film resistor for converting differential outputs from TIAs to a single-ended one. The design of the GSG coplanar line between the TIA output and V-connector was a tapered CPW transmission line with 50 ohm characteristic impedance. The wide section of the tapered CPW was connected to the V-connector and its narrow section was bonded by the Au wire bond. The narrow section was preferred in the high frequency performance because of weak leakage coupling and radiation [12] . Vias were designed to connect top grounds to the back metallization of the submount to suppress unwanted parallel plate modes and stabilize the coplanar quasi-TEM mode. The exact dimension and position of vias were determined with HFSS simulation to achieve a low electrical return loss and insertion loss over the wide range of frequency as shown in Fig. 9(b) . The initial 3 dB drop in S21 Fig. 8 . A fabricated front-end optical receiver module.
was caused due to the differential to single-ended conversion, and thus the transimpedance gain of the single-ended module was half that of the differential ones. The sharp dip in S21 and steep increase in S22 at approximately 49 GHz was originated from the cavity resonances in the submount.
The optical-to-electrical (O/E) response characteristics and 40 Gb/s NRZ eye measurement results with 0 dBm optical input power for high-gain and broad-bandwidth modules are shown in Figs. 10(a) and 10(b) , respectively. A 2 31 -1 pseudorandom bit sequence (PRBS) NRZ optical input signal at 40 Gb/s with 0 dBm input power was generated using a distributed feedback laser diode, a LiNbO 3 modulator, and a modulator driver with 5.5 V p-p output voltage, which was driven by a 4:1 MUX from four channels of uncorrelated 10 Gb/s PRBS data. The 3 dB bandwidths of these modules were measured to be approximately 32 and 42 GHz, respectively, which was enough for delivering 40 Gb/s data streams. However, a rather steep decrease in O/E response was observed at approximately 43 GHz for a broad-bandwidth module, which could be attributed to the cavity resonance effects as shown in Fig. 9(b) . The difference in resonance frequency might be originated from the virtually longer cavity, which was formed with the submount together with TIA output pads and electrical connection lines not included in the simulation, as shown in Fig. 9(a) . This resonance effect was not clearly observed for the high-gain module, since the O/E response was already approximately 14 dB lower than that of the low frequency response. The 40 Gb/s NRZ eye diagrams showed very clear eyes with negligible rms jitters of < 1.8 and 1.4 ps. Considering the 0.8 A/W responsivity of SSC-WGPD chips and the 15 and 35 pA/√Hz input equivalent current noise densities of high-gain and broad-bandwidth TIA chips [8] , the calculated sensitivity values will be as low as -15 dBm and -11 dBm at a 10 -10 BER, respectively [2] .
VI. Conclusion
We successfully fabricated 40 Gb/s PIN-TIA front-end optical receivers using the SSC-WGPDs developed in this study. We employed a laterally tapered SSC scheme and realized the exact width and depth of a tapered SSC by a selective wet-etching process. The fabricated SSC-WGPD chips showed a high responsivity of approximately 0.8 A/W and a 3 dB bandwidth of approximately 40 GHz. The highgain module showed its perfect relevance to high sensitivity 40 Gb/s broadband optical communications. The broadbandwidth module will be more adequate for bandwidthdemanding applications such as 40 Gb/s RZ and 43 Gb/s optical transport network standards.
